The output power of PV array changes with the variation of environmental factors, such as temperature and solar irradiation. Therefore, a maximum power point (MPP) tracking (MPPT) algorithm is essential for the photovoltaic generation system. However, the -curve changes dynamically with the variation of the environmental factors; here, the misjudgment may occur if a simple perturb-and-observe (P&O) MPPT algorithm is used. In order to solve this problem, this paper takes MPPT as the main research object, and an improved MPPT algorithm for PV generation applications based on -curve reconstitution is proposed. Firstly, the mathematical model of PV array is presented, and then the output dynamic characteristics are analyzed. Based on this, acurve reconstitution strategy is introduced, and the improved MPPT algorithm is proposed. At last, simulation and comparative analysis are conducted. Results show that, with the proposed algorithm, MPP is tracked accurately, and the misjudgment problem is solved effectively.
Introduction
It is universally acknowledged that photovoltaic power generation as a new green technology has become one of the hot spots at home and abroad. However, the output power of PV array is affected by the external environment factors strongly, such as temperature and solar irradiation. Therefore, in order to adjust the working performance, it is particularly important to output maximum power of PV array as much as possible.
There are many kinds of common MPPT control algorithms, and the control process is not the same, and the corresponding control effect is also different [1] . The commonly used algorithms include the method based on optimization mathematical model, the method based on the output control, the method based on intelligent control and nonlinear control, and the method based on perturbation of optimization [2] .
The perturb-and-observe algorithm and incremental conductance algorithm are the important branches of the method based on perturbation of optimization which are the most commonly used methods currently [3] . The MPP is tracked by perturbing the output voltage of PV array with perturbation observation algorithm which is simple [4] [5] [6] [7] [8] . Nevertheless, the output voltage perturbation signal of PV array changes when solar irradiation changes strongly, so the power output characteristic deteriorates. The tracking accuracy is not high and oscillation and misjudgment phenomena easily occur. Incremental conductance algorithm is actually an improved perturb-and-observe algorithm [9] [10] [11] [12] [13] [14] , with which the MPP is tracked by incremental conductance and instantaneous conductance of PV array. In this method, the physical concept is clear. And, compared with what was mentioned above, the MPP can be tracked quickly with this method when solar irradiation changes. But misjudgment problem still exists, when solar irradiation mutates.
Until now, many scholars study the MPPT algorithm based on intelligent control and nonlinear control such as fuzzy algorithm [15] , siding algorithm [16] , Particle Swarm Optimization (PSO) [17] , and genetic algorithm [18] . Although these algorithms do not need to establish accurate mathematical model of the controlled object, their control algorithms are generally more complicated and are not conducive to realization of the system and are not conducive to reduction of the unit costs as well.
In this paper, based on the mathematical model of PV array and classical perturb-and-observe algorithm, -curve reconstitution is introduced to track the maximum power point accurately. Finally, the proposed MPPT control strategy is verified by simulation. Results show that the maximum power point is tracked accurately with the proposed MPPT algorithm, and the misjudgment is eliminated effectively, and the proposed MPPT algorithm also has a good dynamic performance.
Mathematical Model of PV Array
The photovoltaic cell is different from dry cell and battery; the latter can store the transformed energy. However, photovoltaic cell is a device based on photovoltaic effect which converts solar energy into electrical energy directly and immediately. Figure 1 shows an equivalent model of PV cell. When solar irradiation is constant, the photogenerated current ph does not change with the working state of the photovoltaic cell, so it can be seen as a constant current source.
is the load added at both ends of the PV cell, and is the terminal voltage.
By Figure 1 , the output current equation of the PV cell can be described as
where A is a P-N junction coefficient of semiconductor devices in photovoltaic cells; is Boltzmann's constant; is unit charge; is absolute temperature; is output current; 0 is diode reverse saturation current; is short-circuit current (the corresponding ph when is 0 in Figure 1 ). As can be seen from (1), the output characteristic curves of PV cell change with external environment factors such as solar irradiation and temperature. Figure 2 showscharacteristic curves when temperature is constant and solar irradiation changes. It can be seen that short-circuit current reduces significantly and open-circuit voltage is almost unchanged when solar irradiation decreases. Figure 3 shows -characteristic curves with the same conditions. Similarly, it can be seen from the figure that -characteristic curve has a single peak, and the maximum power point is its extreme point, and the output power increases with solar irradiation and reaches a maximum at a point. 
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Simple U, I Calculate P = U * I It can be seen from the output characteristic analysis of PV cell mentioned above that the output characteristic curves of PV array change with external environmental factors, such as solar irradiation and temperature. Therefore, MPPT algorithm is added in the operating control of PV power generation system to provide the maximum output power for load in different working conditions.
Improved MPPT Algorithm Based onCurve Reconstitution

Classical Perturb-and-Observe
Algorithm. The working principle of classical perturb-and-observe algorithm is shown as in Figure 6 , and step search is adopted in this method. Suppose that the external environmental factors remain unchanged, such as temperature and solar irradiation. Δ is the voltage adjustment step, and max is the power of maximum power point.
Journal of Control Science and Engineering Firstly, an initial step is chosen; perturbation is started; on the basis of the working voltage, a forward perturbation step is added. Perturbation direction remains unchanged if the power increases; perturbation direction changes if the power reduces. Perturbation process is repeated as shown in Figure 6 until the maximum power point is tracked. Owing to the fact that the perturbation step has a large impact on tracking accuracy and speed, it should be selected appropriately.
The flowchart of classical perturb-and-observe algorithm is shown in Figure 7 
When Δ is positive, if Δ is also positive, which indicates that the current working point is on the left of the maximum power point, then it should be in the perturbation mode of increasing voltage; if Δ is negative, which indicates that the current working point is on the right of the maximum power point, then it should be in the perturbation mode of decreasing voltage. When Δ is negative, if Δ is positive, which indicates that the current working point is on the right of the maximum power point, then it should be in the perturbation mode of decreasing voltage; if Δ is negative, which indicates that the current working point is on the left of the maximum power point, then it should be in the perturbation mode of increasing voltage.
It should be noted that the working point oscillates on both sides of the maximum power point reciprocating due to a fixed perturbation step, in which it is unable to be stabilized at the maximum power point, and sometimes misjudgment phenomenon occurs. When external conditions change, the output characteristic curves of PV array change dynamically. Thus, misjudgment may occur if a classical perturb-andobserve MPPT algorithm is used.
Improved MPPT Algorithm.
In order to solve the misjudgment problem of classical P&O algorithm, power prediction is added, which ensures the power points are in the same -curve before and after the perturbation. Figure 8 shows a schematic diagram of power prediction. When the sampling frequency is high enough, assume that the change rate of solar irradiation in a sampling period is constant. Without voltage perturbation at , the power ( ) is calculated. Then, the power ( + 1/2) is calculated at ( + 1/2) , and the predicted power ( ) can be obtained as follows:
Then, Δ is perturbed at ( +1) , and the power is ( +1) when perturbation voltage is ( + 1). The measured power ( + 1) and the predicted power ( ) are on the samecharacteristic curve at the same solar irradiation theoretically. Therefore, the proposed MPPT algorithm in this paper does not exhibit misjudgment problem.
At the same time, in order to solve the contradiction between the tracking accuracy and speed, a variable step is adopted.
By (1), the output power of PV array can be approximated as
Thus, the derivative of power with respect to voltage can be obtained as
Study shows that |d /d | is suitable for perturbation step. Then, the curve of |d /d | and voltage are shown in Figure 9 . It shows that the curves are different when solar irradiation varies greatly, so it is difficult to get the normalized function of the perturbation step to achieve the above goal.
However, as shown in Figure 9 , |d /d | and short-circuit current are similar to the positive correlation on the left side of MPP. Therefore, in order to find the normalized function of voltage perturbation step, (3) can be divided by output current of PV array after the absolute value operation, which can be calculated as
where ( ) is the step adjustment factor. Relation curve of ( ) against voltage U is shown in Figure 10 . Take ( ) as the normalization factor of voltage perturbation step size. According to the actual working condition of PV cell, the perturbation step is adjusted in time, which is described as
Note that step adjustment factor ( ) increases sharply on the right of MPP. In order to make the MPPT algorithm able to be converged on the right of MPP in the -curve, here, adjustment factor is limited, ( ) ∈ [0, 1]. And Figure 11 shows a flowchart of the improved MPPT algorithm.
Simulation Results and Analysis
The PV generation system consists of PV array module, MPPT module, DC/DC converter module, and so forth, which is shown in Figure 12 .
The simulation conditions are as follows: short-circuit current is 3.45 A, open-circuit voltage is 43.5 V, maximum power point voltage is 35 V, maximum power point current is 3.15 A, temperature is 25 ∘ C, the initial step is 0.005, and simulation time is 0.6 s. Compared with Figures 13 and 14 , the classical P&O algorithm oscillates around MPP, and maximum power cannot be tracked accurately when solar irradiation mutates. With the improved MPPT algorithm, the output power curve is smoother under the same conditions, and MPP is tracked in a shorter time.
Conclusion
In this paper, the variable P&O MPPT algorithm based on -curve reconstitution has been proposed to track MPP. And the proposed algorithm has been verified with the simulation. Compared with the classical P&O algorithm, results show that MPP is tracked accurately with the proposed algorithm, and the misjudgment is eliminated effectively, and the contradiction between tracking speed and accuracy is also relieved. The simulation result verifies the effectiveness of the proposed algorithm.
